A segment (hft) of bacteriophage FP43 DNA cloned into plasmid pIJ702 mediated high-frequency transduction of the resulting plasmid (pRHB101) by FP43 in Streptomyces griseofuscus. The transducing particles contained linear concatemers of plasmid DNA. Lysates of FP43 prepared on S. griseofuscus containing pRHBlOl also transduced many other Streptomyges species, including -several that restrict plaque formation by FP43 and at least two that produce restriction endonucleases that cut pRHB10l DNA. Transduction efficiencies in different species were influenced by the addition of anti-FP43 antiserum to the transduction plates, the temperature for cell growth before transduction, the multiplicity of infection, and the host on which the transducing lysate was prepared. FP43 lysates prepared on S. griseofuscus(pRHB101) also transduced species of Streptoverticillium, Chainia, and Saccharopolyspora.
Polyethylene glycol-induced plasmid transformation of protoplasts has provided the basis for gene cloning in Streptomyces spp. (1, 8, 26, 32) and related actinomycete genera (34, 38, 48) . These procedures have provided the means to clone and analyze many actinomycete genes, including antibiotic biosynthetic genes (11, 16, 19, 20, 21, 28, 45 ; E. T. Seno and R. H. Baltz, Regulation of Secondary Metabolism in Actinomycetes, in press). There are several limitations to the transformation methods that may impede the wide application of gene cloning and subcloning in many species of Stretomyces and related genera. First, protocols for efficient transformation are not universal (32, 34, 48) , and subtle procedural details often need to be worked out for different species. Second, most streptomycetes produce restriction endonucleases (5, 11, 15, 27 ) that can restrict bacteriophage infection and inhibit plasmid transformation (12-14, 32, 33) . This problem may be compounded by procedural requirements for efficient transformation (3, 7, 32, 34) . Thus, physiological conditions for cell growth and for protoplast regeneration that might minimize the expression of restriction may not coincide with conditions for efficient uptake of DNA, establishment of plasmld replication, or regeneration of protoplasts.
One way to bypass protoplast transformation, particularly for rapid subcloning of DNA into many different streptomycete strains, might be by transduction of plasmid DNA. Generalized transduction of streptomycete chromosomal genes has been demonstrated with two phages, SV1 in Streptomyces venezuelae and (SF1 in the neomycin-producing Streptomyces fradiae (11) . The host range of SV1 is restricted to S. venezuelae, whereas the host range of ,SF1 has not been reported. It has not been determined whether either of these phages will transduce plasmid DNA. Bacteriophage C31 will transduce segments of DNA cloned into its genome, but the insert size is limited to about 8 kilobases (kb). Bacteriophage R4, on the other hand, will transduce plasmid DNA containing the cos site from R4 (35, 36) between Streptomyces lividans and Streptomyces parvulus, but this system may be somewhat constrained by the requirement of cos sites for packaging of DNA ipto phage heads.
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In this report, we describe the cloning of a segment of DNA from the streptomycete bacteriophage FP43 that mediates high-frequency transduction of plasmid DNA by FP43. The transducing particles contain linear concatemers of plasmid DNA. The transduction system has a very wide host range, including numerous Streptomyces species and some species of the genera Chainia, Saccharopolyspora, and Streptoverticillium.
MATERIALS AND METHODS Bacteria, bacteriophage, and plasmids. The strains used in this study are listed in Table 1 . FP43 is a temperate bacteriophage with broad host specificity for Streptomyces spp. (15) . The properties of this phage will be described in detail elsewhere (M. A. McHenney, K. L. Cox, and R. H. Baltz, manuscript in preparation). pIJ702 is a multicopy 5.8-kb plasmid that has broad host specificity for Streptomyces spp. (1, 22, 26, 32) . pIJ702 was derived from the multicopy broad-host-range plasmid pIJlOl (20, 24) . pMT660 is a mutant of pIJ702 that is temperature sensitive for replication in S. lividans (9) .
Media and culture conditiQns. The actinomycete strains were grown in tryptic soy broth for at least 16 h (usually into stationary phase) as described elsewhere (3). The nonfragmenting actinomycete strains were homogenized and sonicated before transduction as described previously (3). Transductions were carried out on modified R2 agar (3) or modified R2 agar supplemented with 0.25% yeast extract.
Isolation of DNA. Plasmid DNA was isolated from transformants or transductants by the method of Birnboim and Doly (10) or Kieser (23) . Phage lysates were prepared as described elsewhere (15) . Phage particles were purified by differential centrifugation and banding in a CsCl gradient, and DNA was extracted as described previously (15) .
Transformation of Streptomyces protoplasts. Protoplasts of Streptomyces ambofaciens, Streptomyces griseofuscus, and S. lividans were transformed with plasmid DNA as described elsewhere (32) , except that the additions of calf thymus DNA and protamine sulfate were omitted.
Cloning of fragments of FP43 DNA in plasmid pIJ702. FP43 DNA was cleaved with SphI and ligated (29) into pIJ702 caused the resulting plasmid (pRHB101; Fig. 1 ) to be transduced in S. griseofuscus at frequencies averaging about 10-4/PFU. Two other plasmids containing inserts of 1.4 and 6.9 kb gave transduction frequencies of about 10-6/PFU.
Physical structure of the transducing DNA in phage particles. To determine the physical structure of the DNA in the transducing particles, we purified phage particles from a transducing lysate prepared on S. griseofuscus containing pRHB101, extracted the DNA, digested it with restriction endonucleases, separated the DNA fragments by agarose gel electrophoresis, and probed with 32P-labeled pMT660. The pMT660 probe did not hybridize to FP43 DNA (Fig. 2a, lane 1) but did hybridize to DNA from the transducing lysate (designated FP43 hft; Fig. 2a, lane 2) , to uncut pMT660 (Fig.  2a, lane 4) , and to pRHB101 (Fig. 2a, (Fig. 2a,  lane 5 ) and hybridized to fragments of 220, 500, 4,280, and about 9,000 bp from SmaI digested from FP43 hft (Fig. 2b,  lane 3) and from SmaI-digested pRHB101 (Fig. 2a, lane 7) . Since the 7,800-bp hft segment was cloned in the SphI site, which is located in the 840-bp SmaI segment, the approximately 9,000-bp fragment apparently contains both hft and the 840-bp segment missing in FP43 hft and pRHB101. The relatively weak radioactive signal observed in the 9,000-bp segment from FP43 hft and pRHB101 is consistent with hybridization to only 840 (15) . Of the 14 species tested that support plaque formation by FP43, only Streptomyces lavendulae was not transduced to thiostrepton resistance ( Table 1 ). The species transduced included Streptomyces albus P, which produces SalPI, an isoschizomer of PstI, and Streptomyces phaeochromogenes, which produces SphI. pRHB101 contains one site for PstI and two sites for SphI (Fig. 1) .
Of the 11 Streptomyces species that did not support plaque formation by FP43, 7 were transduced to thiostrepton resistance. DNAs were isolated from 14 of the 20 transduced species, and plasmid DNAs of the appropriate molecular weight were observed in 12 transductants. The two that did not yield readily observable plasmid (Streptomyces macrosporeus and Streptomyces tenebrarius E) gave linear increases in transductants as a function of increased PFU (see Fig. 3 ), as did the six species that were not screened for plasmid DNA. Effects of phage multiplicity and anti-FP43 antiserum on transduction. Figure 3 shows several typical responses of transduction frequency to increased phage concentration. In S. griseofuscus, a nonrestricting host (15) on which the transducing lysates were prepared, the frequency of transductants increased linearly with increasing PFU from about 103 to 105 PFU per plate and then declined. When anti-FP43 antiserum was added to the plates 3.5 h after the addition of phage, the frequency of transductants increased linearly to about 106 PFU per plate and then declined. The addition of antiserum thus appeared to minimize lysis of transductants on the plates.
FP43 forms plaques on S. albus P at an efficiency of plating (EOP) of about 10% relative to the maximum EOP observed on S. griseofuscus (15) . The frequency of transductants in S. albus P increased linearly with increasing PFU to about 3 x 107 PFU per plate and then plateaued. However, the maximum efficiency of transduction per PFU was about 100-fold lower than that observed on S. griseofuscus. With Streptomyces thermotolerans, a species that does not support plaque formation by FP43 (15; Table 1), the frequency of transductants increased proportionally with increasing PFU up to about 108 PFU per plate and then continued to rise at a slope of less than 1 up to nearly 1010 PFU per plate (Fig. 3) . Since there was no plaque formation or lysis of cells at high multiplicities of infection, the addition of anti-FP43 antiserum was not needed in this case.
Effects of host cell modification on transduction. As shown above, FP43 can transduce pRHB101 DNA into strains that produce restriction endonucleases that have recognition sites in the plasmid. To determine whether these sites can be modified in the restricting host, we transduced S. albus P to thiostrepton resistance by using an FP43 lysate prepared on S. griseofuscus(pRHB101). A subsequent FP43 lysate was prepared on S. albus P(pRHB101). The two lysates were compared for their abilities to transduce S. griseofuscus and S. albus P strains not containing plasmid. The lysate prepared on S. griseofuscus transduced S. albus P to thiostrepton resistance about 1.5% as efficiently as it transduced S. griseofuscus ( Table 2 ). The lysate prepared on S. albus P, which contained fewer transducing particles as judged by its lower transducing frequency on the nonrestricting S. griseofuscus, transduced both species at about equal efficiencies. Thus, passaging the plasmid through the restricting host increased the efficiency of transduction on the restricting host relative to that on the nonrestricting host by about 100-fold. Plasmid isolated from S. albus P was not cut by PstI. However, plasmid transduced from S. albus P back into S. griseofuscus was again cut once by PstI, confirming that modification of pRHB101 had occurred in S. albus P.
Effects of temperature on transduction. Elevated tempera- ture can often inhibit secondary metabolic functions such as antibiotic production and sporulation in Streptomyces species. If restriction or modification systems are regulated in a similar way, then the growth of cells at an elevated temperature might result in decreased expression of restriction or inactivation of restriction enzymes (2) . To explore this, we grew S. griseofuscus, S. albus P, S. phaeochromogenes, S. thermotolerans, and Streptoverticillium kentuckense at 29 and 39°C before transduction and then incubated the transduction plates at 29, 34, or 42°C. In the nonrestricting S. griseofuscus, transduction was decreased 5-to 10-fold when cells were grown at 39 rather than 29'C (Table 3) , whereas S. albus P showed very little variation in transduction under any condition. However, S. phaeochromogenes cells grown at 39°C were transduced 4-to 10-fold more efficiently than cells grown at 29°C. Maximum transduction was obtained when the plates were incubated at 34°C. S. thermotolerans and Streptoverticillium kentuckense cells grown at 39'C were, respectively, about 350-fold and 50-fold more transducible than cells grown at 29°C. Intergeneric transduction. Lysates of FP43 prepared on S. griseofuscus(pRHB101) were mixed with cells of the actinomycete genera listed in Table 1 , and plaque formation and transduction were scored. Of the 24 species tested, FP43 caused plaque formation on only Streptoverticillium olivereticulli and Chainia minutisclerotica. However, transduction was observed in both Saccharopolyspora species, all three Chainia species, and two of the three Streptoverticillium species tested (Table 1 ). The presence of pRHB101 was verified by Southern hybridizations in all cases tested, including transductants from all three genera. No transduction was observed in species of Nocardia, Microbispora, Micromonospora, Microtetraspora, Streptosporangium, Arthrobacter, Corynebacterium, or Micrococcus.
DISCUSSION
We cloned a segment of bacteriophage FP43 DNA (designated hft) into pIJ702 that caused a dramatic enhancement in the transduction of the resulting plasmid by FP43 in S. griseofuscus. Since other cloned FP43 DNA segments caused much lower levels of transduction than the hft segment, this transduction system appears to differ from plasmid transduction systems studied in Bacillus spp. (17, 30, 31) and Salmonella spp. (37) in which the cloning of random segments of phage DNA caused enhanced transduction. FP43 does not appear to have cohesive ends (cos), but rather, it appears to package DNA by a headful mechanism (McHenney et al., in preparation). Thus, FP43 transduction is not analogous to the X transduction system in E. coli (43) , the SP02 transduction system of Bacillus subtilis (30) , or the R4 transduction system in S. lividans (35, 36) , which are all mediated by cloned cos sites. Southern hybridization indicated that FP43 transducing particles contain linear concatemers of pRHB101 DNA, which presumably recircularize after injection into transducible hosts. Thus, the FP43 transduction system may be similar to the bacteriophage T4 transduction system in E. coli (25) , in which the cloning of a T4 tertiary origin of replication causes the plasmid to replicate by a rolling circle mechanism and linear concatemers of the plasmid are packaged by a headful mechanism, injected into cells, and recircularized in the transductants.
FP43 has broad host specificity for streptomycetes and appears not to form plaques only when its DNA is restricted (15) . For example, FP43 did not form plaques on S. albus G, Streptomyces achromogenes, or S. phaeochromogenes, the producers of restriction endonucleases Sall, Sacd, and SphI, respectively, for which FP43 DNA has many sites, whereas it formed plaques on S. albus P and Streptomyces tuberci-dicus, the producers of SalPI (PstI) and StuI, respectively, for which it has no sites (15) . From [8, 14, 15, 27, 46] ) but also several strains that produce well-characterized restriction systems (e.g., S. albus P [SalPI], S. phaeochromogenes [SphI] , and S. tubercidicus [StuI] [12, 41] ) and several strains suspected of producing restriction systems (e.g., Streptomyces aureofaciens, Streptomyces cirratus, Streptomyces coelicolor, Streptomyces griseus, S. thermotolerans, S. venezuelae, and S. macrosporeus [15] ). FP43 transduced 13 of 14 strains on which it formed plaques and 7 of 11 strains on which it did not form plaques. Four of the five strains that were not transduced produce potent restriction systems (15) , and one of the strains, S. albus G, produces SalI Two of the species transduced produce restriction endonucleases that can cut the transducing plasmid. S. albus P produces SalPI (PstI), which cuts pRHB101 monomers once, and S. phaeochromogenes produces SphI, which cuts pRHB101 twice. In S. albus P, the relative transduction frequency was improved 100-fold by preparing the transducing lysate on S. albus P. However, the transducing lysate prepared on S. albus P contained fewer transducing particles, for reasons that we do not yet understand, than lysates prepared on S. griseofuscus did. The plasmid DNA was efficiently modified for PstI (and presumably SalPI) restriction after replication in S. albus P, and this procedure might also be used in other species to help bypass restriction and improve transduction frequencies. With S. phaeochromogenes, the efficiency of transduction was increased by growing the cells at 39 rather than at 29°C before transduction, suggesting that SphI restriction may not be expressed as well at elevated temperatures as at 29°C. Growth of cells at an elevated temperature also caused enhanced transduction in S. thermotolerans and Streptoverticillium kentuckense. Regardless of the mechanism of the temperature effect, these data demonstrate that transduction can be optimized for particular species by varying cell growth parameters. This differs from the protoplast transformation systems that often have inflexible requirements for cell growth before protoplast formation (3, 7, 32, 34) . For instance, growth of cells at an elevated temperature can cause inhibition of cell regeneration from protoplasts (7) and thus inhibition of transformation (32) . Also, since the numbers of phage particles and cells added to transduction plates are not serious limitations, very high phage and cell concentrations can be used for highly restricting strains that are not lysed by FP43. Again, this offers potential advantages over protoplast transformation, which is often most efficient at relatively low protoplast concentrations (32) .
While actinophages seldom form plaques on species of more than one genus (39; K. Cox (34) , Thermomonospora (38) , and Micromonospora (P. Matsushima and R. H. Baltz, J. Antibiot., in press), as well as many streptomycetes.
The transduction system described here may allow transfer of cloned genes rapidly between a variety of Streptomyces species and into at least several other actinomycete genera, thus eliminating the need to develop transformation systems for each species of interest. This in turn may accelerate the applications of recombinant DNA technology in actinomycetes (4, 6, 19, 21) .
